The p53 tumor suppressor gene has recently been shown to mediate metabolic changes in cells under physiological and pathological conditions. It has been revealed that p53 regulates energy metabolism, oxidative stress, and amino acid metabolism through balancing glycolysis and oxidative phosphorylation (OXPHOS) as well as the autophagy pathway. p53 is activated by metabolic stress through AMP-activated protein kinase (AMPK) and the mammalian target of rapamycin (mTOR) signaling pathways. p53 regulates OXPHOS through the transcriptional regulation of fructose-2,6-bisphosophatase, TP53-induced glycolysis regulator (TIGAR) and synthesis of cytochrome c oxidase (SCO2) subunit of complex IV of the electron transport chain. p53 also indirectly influences the energy metabolism through regulating glucose transporter (GLUT) expression, glutaminase 2 (GLS2) and fatty acid synthase (FAS). In addition, p53 regulates autophagy to provide cell metabolites for surviving through damage regulated autophagy modulator (DRAM1). Here we review the recent findings to elucidate the important role of p53 in cell metabolism.
Introduction
In the past decades, p53 is probably one of the most widely studied proteins because of its pivotal role in tumorogenesis, cell death and survival. p53 is a transcription factor that mediates cell response to various detrimental stresses through a complex signaling network [1] . When cell endures a variety of insults including DNA damage, hypoxia, and oxidative stress, p53 becomes modified, which promotes both its stabilization and translocation into the nucleus, where p53 activates the expression of genes that induce cell cycle regulation, DNA repair, senescence, and cell death [2] . It has been found that the metabolism in cancer cells was altered. The metabolic alterations in cancer cells determine how cells respond to variable nutrient and oxygen availability and promote cell proliferation, growth and survival [3] . Recent findings indicated that p53 plays an important role in metabolic shifting in cancerous cells, suggesting a new function of p53 in regulating cell metabolism. However, how p53 regulates metabolism is complicated. In this review, we will try to elucidate the complex network of p53 regulation of different metabolic pathways.
Responses of p53 to metabolic stress
It is well established that glucose availability directly regulates cell proliferation, a response that is mediated by activation of AMP-activated protein kinase (AMPK) [4] . Activation of p53 by metabolic stress is regulated by AMPK-dependent phosphorylation and influenced by mTOR. The mTOR pathway plays a critical role in the regulation of cell proliferation, survival and energy metabolism. mTOR forms two complexes in cells, mTOR complex1 (mTORC1) and mTOR complex2 (mTORC2). Metabolic stress activates AMPK, which in turn phosphorylates and activates the tuberous sclerosis complex 2 (TSC2) protein. TSC2 exerts GTPase activity to negatively regulate GTP-binding protein, Rheb, the protein that activates mTORC1 [5] (Figure 1 ). mTORC1 can directly or indirectly dephosphorylate p53 on Ser15 in response to nutrient starvation [6] [7] [8] . p53 induces the expression of a number of p53 target genes in the IGF-1/AKT and mTOR pathways, including IGF-BP3, PTEN, TSC2, AMPK b1, Sestrins1 and 2, and REDD1 [9] [10] [11] [12] [13] . All these gene products negatively regulate the IGF-1/AKT and mTOR pathways in response to stress signals ( Figure 1 ). It has recently been shown that AMPK can be phosphorylated and activated by binding to sestrin1 (Sesn1) or sestrin2 (Sesn2), both of which are p53 target genes. p53 induces the expression of Sestrin1 and Sestrin 2, which interact with the α-subunits of AMPK resulting in the phosphorylation of AMPK on Thr172. This leads to the activation of AMPK and 1209 www.chinaphar.com Zhang XD et al Acta Pharmacologica Sinica npg TSC2, and the inhibition of mTORC1 activity [11] . Sestrins have been shown to decrease intracellular reactive oxygen species (ROS), probably by regenerating over-oxidized peroxiredoxins that deoxidize ROS [14] [15] [16] . Sesn1 and Sesn2 expression, elevated by p53 in response to genotoxic stress, has been shown to be responsible for the resistance to oxidative stress induced by p53 both in vitro and in vivo [14, 17, 18] . It appears that Sesn1/2 interact with the α-catalytic subunits of AMPK. This interaction increases AMPK phosphorylation and induces its activity. Moreover, Sesn1/2 preferentially activate AMPK toward the phosphorylation of TSC2, and they also bind TSC2, directing AMPK to TSC2 [11] . The results presented by Budanov and Karin imply that metabolic stress in the presence of p53 should have a more substantial inhibitory effect on mTORC1 than in the absence of p53 [11] . Thus, through the transcription of seven different target genes, p53 negatively regulates the IGF-1/AKT and mTOR pathways, creating an inter-pathway network that permits cells under stress to shut down cell growth and division to avoid the introduction of errors during these processes.
The role of p53 in regulating glycolysis
Glycolysis is the metabolic pathway that converts glucose into pyruvate and to produce ATP and NADH. Glycolysis exists in almost all species, which indicates that it is one of the most ancient known metabolic pathways [19] . Recently, p53 was found to regulate glycolysis via regulating expression of fructose-2,6-bisphosphatase, TP53-induced glycolysis regulator (TIGAR) [20, 21] . TIGAR down-regulates glycolysis by degrading fructose-2,6-bisphosphate (Fru-2,6-P 2 ), a potent allosteric effector of glycolytic enzyme 6-phosphofructo-kinase-1 (PFK-1) [20] . The expression of TIGAR not only decreases glycolytic activity by dephosphorylating Fru-2,6-P 2 to Fru-6-P, but also switch glucose to an alternative pathway, the pentose phosphate pathway (PPP), along with deceasing ROS generation and apoptosis by promoting glutathione production. PPP produces more nicotinamide adenine dinucleotide phosphate (NADPH) [20] ( Figure 2 ). NADPH is used as a reducing agent in anabolic reactions, such as lipid and nucleic acid synthesis. Mutant p53 has also been found to activate expression of hexokinase 2 (HK2) and phosphoglycerate mutase (PGM). Both HK2 and PGM participate in the glycolysis pathway. It was demonstrated that mutant p53 up-regulates expression of HK2 gene in heptatoma cells, which suggested p53 connects loss of the cell cycle control and increased glycolysis in cancer cells [22, 23] (Figure 2 ). The inhibitory effect on expression of PGM by normal p53 has been found mediated by inhibiting the expression of the glucose transporters GLUT1 and GLUT4 [24, 25] . This mechanism was demonstrated to be important for immortalizing mouse embryo fibroblasts [24, 26] . Through regulating glycolysis, p53 can affect cellular ROS levels, as both TIGAR and PGM show antioxidant effects [20, 24] . TIGAR diverts glucose through the PPP to lower ROS levels [27] while PGM enhances glycolysis to reduce ROS production by decreasing mitochondrial respiration [28] . p53 regulates the expression of these genes in an opposite way. It is clear that p53 can induce the expression of some antioxidant genes (such as TIGAR), repress the expression of others (such as PGM), while also activate genes that enhance oxidative stress. Taken together, both the pro-oxidant and antioxidant functions of p53 are thought to contribute to tumor suppression.
The role of p53 in regulating oxidative phosphorylation
Oxidative phosphorylation (OXPHOS) is another energy metabolic pathway that utilizes energy released by the oxidation of nutrients through the tricarboxylic acid (TCA) cycle to produce adenosine triphosphate (ATP) with higher efficiency than glycolysis. Enzymes of the tricarboxylic acid (TCA) cycle reside in the mitochondrion, catalyzing the oxidation of pyruvate and other substrates for maximal ATP production through electron transport-coupled OXPHOS [29] ( Figure  2 ). It has been found in mice and in human cancer cells that p53 directly regulates mitochondrial oxygen consumption Figure 1 . The AMPK-p53-mTOR pathway in metabolic adapta tion. Activa tion of p53 by metabolic stress is regulated by AMP-activated protein kinase (AMPK)-dependent phosphorylation and influenced by mammalian target of rapamycin complex1 (mTORC1). p53 further induces AMPK (both directly and indirectly through the sestrins) and activates the expression of tuberous sclerosis complex 2 (TSC2), resulting in the inhibition of mTOR. The activation of p53 may also cause upregulation of carnitine palmitoyltransferase (CPT1) and enhancement of β-oxidation of fatty acids. p53 regulates expression of damage-regulated autophagy modulator 1 (DRAM1), which in turn induces autophagy. p53 upregulates guanidinoacetate methyltransferase (GAMT), which regulates the creatine metabolic pathway involved in fatty acid metabolism.
www.nature.com/aps Zhang XD et al Acta Pharmacologica Sinica npg through an important assembly protein called synthesis of cytochrome c oxidase (SCO2) [21] . In mammalian cells, SCO2 is required for assembly of the cytochrome c oxidase (COX) complex. COX catalyzes the transfer of reducing equivalents from cytochrome c to molecular oxygen and pumps protons across the inner mitochondrial membrane. SCO2 is conserved in organisms as diverse as yeast and humans. p53 in normal tissue induces SCO2 expression, which ensures the maintenance of the COX and enhances mitochondrial respiration [21] . The decreased oxidative phosphorylation activity in p53-deficient cells can be restored by expressing exogeneous SCO2 at physiologic level [30] . In human colon cancer cell lines, DLD1 and SW480, the expression of SCO2 can increase oxygen consumption in the presence of p53 mutations [21] . In HCT116 human colon cancer cell line, deficiency in p53 causes low expression of SCO2, resulting in lower OXPHOS which is balanced by the increase in glycolysis [30] . This suggests that the downregulation of p53-dependent regulation of SCO2 impairs the mitochondrial respiratory chain, causing a shifting of ATP production from OXPHOS to glycolysis.
In addition to SCO2, glutaminase 2 (GLS2) is a newly identified p53-regulated protein [31] , which encodes a mitochondrial glutaminase that catalyzes the hydrolysis of glutamine to glutamate. GLS2 regulates cellular energy metabolism by increasing the production of glutamate andα-ketoglutarate, that in turn, results in enhanced mitochondrial respiration and ATP generation (Figure 2 ).
p53 and the Warburg effect
The Warburg effect is a theory first postulated by the Nobel laureate Otto Heinrich Warburg to explain the connection between malignant tumor growth and altered energy metabolism. The fact that the needed energy for malignant tumor growth is supplied mainly by non-oxidative pathway, glycolysis [32] is in contrast to that of normal cells which mainly generate energy from oxidative breakdown of pyruvate, an end-product of glycolysis, within the mitochondria. Warburg found a fundamental difference between normal and cancerous cells to be the ratio of glycolysis to respiration, which is known as the Warburg effect. The recent found evidence that deficiency of p53 in cancer cells upregulates glycolysis and at the same time down-regulates OXPHOS in cancer cells suggesting that p53 status plays a pivotal role in the underlying mechanism for the Warburg effect (Figure 2 ).
These findings together link the p53 protein with energy metabolism, and provide a novel mechanism that contributes to the Warburg effect, and also suggest a novel mechanism of p53 in tumor suppression via metabolic regulation. Considering the importance of p53 in tumor suppression and the high mutation rate of p53 (>50%) in human tumors, these findings suggest that the mutation of the p53 gene and the resultant loss of function of the p53 protein in tumors could be an important genetic change contributing to the Warburg effect (Figure 2 ).
The role of p53 in fatty acid metabolism
Fatty acids are important metabolic intermediates. Besides being used for lipid synthesis and protein modification (eg palmitoylation, myristoylation, and synthesis of glycerophosphatidylinositol anchors), fatty acids can be degraded through mitochondrial β-oxidation, to supply substrates for oxidative phosphorylation to generate ATP. p53 can regulate fatty acid metabolism through guanidinoacetate methyltransferase (GAMT), which regulates the creatine metabolic pathway involved in fatty acid metabolism [33] (Figure 1 ). GAMT converts guanidineacetate to creatine that is linked to energygenerating pathways that play an essential role in the regulation of ATP homeostasis. In cancer cells, energy metabolism is altered, which includes the fatty acid biosynthesis pathway through fatty acid synthase (FAS). FAS is a multifunctional enzyme that performs a series of sequential reactions to convert acetyl-CoA and malonyl-CoA to palmitate [34] . It is evident Figure 2 . p53 regulation of energy metabolism. p53 regulates energy metabolism through target proteins that is directly or indirectly involved in energy metabolic pathways. p53 inhibits the expression of the glucose transporters GLUT1 and GLUT4, resulting decrease of the levels of phosphoglycerate mutase (PGM), an enzyme in glycolytic pathway, while increase the expression of TP53-induced glycolysis and apoptosis regulator (TIGAR). TIGAR diverts glucose to an alternative pathway, the pentose phosphate pathway (PPP), which leads to the production of nicotinamide adenine dinucleotide phosphate (NADPH). NADPH is used for the removal of reactive oxygenspecies (ROS). Mutant p53 has been found to activate expression of hexokinase 2 (HK2), which is an important enzyme involving in glycolysis. p53 induces GLS2 to enhance mitochondrial respiration by increasing the production of glutamate and α-ketoglutarate. p53 targets another gene named synthesis of cytochrome c oxidase 2 (SCO2). SCO2 regulates the cytochrome c oxidase complex, which is essential for mitochondrial respiration and utilization of oxygen to produce energy (ATP). The end-product of glycolysis, pyruvate, enters the tricarboxylic acid (TCA) cycle located within the mitochondria. [35, 36] . GAMT is linked to FAS by the observation that upon treatment of cells with creatine, phosphorylation of AMPK and acetyl-CoA carboxylase (ACC) is increased, which indicates that FAS has been switched on [32] . Activation of the p53 by metabolic stress also enhances β-oxidation of fatty acids [37] (Figure 1 ). β-oxidation is the process by which fatty acids are broken down in mitochondria and/or in peroxisomes to generate Acetyl-CoA, the entry molecule for the Krebs cycle. The induction of fatty acid β-oxidation has been reported as a marker of metabolic reprogramming in response to glucose deprivation [38] . p53 stimulatesβ-oxidation through the action of the carnitine palmitoyltransferase (CPT1) [39] . CPT1, also known as carnitine acyltransferase 1, is a mitochondrial enzyme located on the outer membrane of mitochondria. CPT1 initiates the import of fatty acids by binding them to carnitine. This enzyme can be inhibited by malonyl CoA.
The role of p53 in autophagy pathway
Autophagy is a major cellular pathway for the degradation of long-lived proteins and cytoplasmic organelles in eukaryotic cells to provide amino acids for cell survival when nutrients are scarce. Autophagy is a membrane trafficking process that mediates the delivery of cytoplasmic constituents to the lysosome for degradation [40] . Recent studies have shown that cytoplasmic p53 can play a direct role in the inhibition of autophagy [41] (Figure 1 ), which can be induced in response to nutrient deprivation and provides ATP that can prolong viability [42] . On the other hand, p53 can also activate autophagy preceding the apoptotic process [43] . The process of autophagy is regulated by p53 through the pathway of mTOR and damage-regulated autophagy modulator 1 (DRAM1) [9, 44] . Genotoxic stress stimulates p53-dependent up-regulation of DRAM1, a p53 target gene that encodes a lysosomal protein that induces autophagy [44] . It has been found that p53 induces successful autophagy in a DRAM1-dependent manner [44] . It has also been demonstrated that the p53 specific inhibitor PFT effectively blocks the 3-NP-induced induction of DRAM1, LC3-II and striatal cell death [43] . In the absence of DRAM1, GFP-LC3 was diffuse within the cytoplasm with occasional puncta representing the basal level of autophagosomes within the cell. Upon DRAM1 induction, a marked increase in the presence of GFP-LC3 puncta was observed, indicating a clear role for DRAM1 and p53 in the regulation of autophagy [44] . The mechanisms through which DRAM1 causes the formation of autophagosomes are not clear. It may be that DRAM1 sends a feedback signal to proteins that are involved in the initiation of autophagy or DRAM1 works in conjunction with other factors downstream of p53 [45] . Besides DRAM1, the activation of p53 inhibits mTOR activation and regulates its downstream targets, including autophagy [46] . mTOR appears to directly or indirectly affect the Atg proteins, resulting in interference with the formation of autophagosomes [47] .
Conclusion and future directions
In summary, as well as having well-defined roles in cell cycle regulation and apoptosis, recent studies have shown that p53 regulates stress-induced transcriptional programs that function to regulate pathways of energy metabolism. p53 has been shown to respond to metabolic changes and to influence metabolic pathways through several mechanisms. It became clear that tumor cells depend on metabolic alterations for their continued growth and survival. The activation of p53 to regulate several aspects of metabolism, including glycolysis, autophagy, OXPHOS and mTOR pathway, reveals that there are functions for p53 in the regulation of other metabolic diseases.
